Abstract Recent studies demonstrated that nonphotic (social) (LD 12:12) conditions but did not alter the phase of activity onset or offset, duration (&alpha;) of activity, or mean daily core body temperature. Bulbectomies also failed to modify &tau; of free-running activity rhythms. This experiment confirms that the olfactory bulbs and chemosensory cues are necessary for socially facilitated reentrainment. In contrast to their effects in nocturnal rodents, BX do not produce significant circadian photic changes in diurnal degus. This is the first experiment to determine that chemosensory stimuli modulate the circadian system in a diurnal rodent.
INTRODUCTION
Several recent experiments with Octodon degus, a diurnal South American hystricomorph rodent, demonstrate that social cues affect circadian rhythms in the presence of a light-dark (LD) cycle (Goel and Lee, 1995a Lee, , 1995b Lee, , 1996 . When female &dquo;donors&dquo; (degus entrained to an LD cycle) are paired continuously with phase-shifted females, their partners reentrain 25% to 42% faster than female degus housed alone, following 6-h phase advances (Goel and Lee, 1995a) or delays (Goel and Lee, 1995b) . Acceleration is due to social stimuli acting on the circadian system rather than to social masking (Goel and Lee, 1995b) ; such stimuli are ineffective in phase-shifted males following phase advances or delays (Goel and Lee, 1995a Lee, , 1995b .
Cumulative evidence suggests that olfactory information may be the critical social cue necessary for accelerated reentrainment. Not only is accelerated reentrainment of circadian rhythms in the presence of social cues sexually differentiated in degus (Goel and Lee, 1995a , 1995b , 1996 , but both the production and attention to olfactory cues (Fischer and Meunier, 1985; Fischer et al., 1986) are also sexually dimorphic, implying that olfaction may be important to phase shifting in this species. Further, Goel and Lee (1996) have shown that auditory and tactile cues do not alter circadian reentrainment; rather, the available data suggest that olfactory cues (in particular, airborne scents) supply the social influence necessary to accelerate reentrainment rates of circadian rhythms in females. Finally, in the absence of light, social cues are sufficient to modulate circadian period (r) and phase, resulting in partial entrainment of circadian activity rhythms in female degus housed in constant darkness (DD; Goel and . Although the critical cue is likely olfactory, we cannot eliminate the role of auditory cues from that study.
Although olfactory stimuli have been associated with nonphotic (social) entrainment in degus, a causal relationship between the importance of chemosensory cues and nonphotic (social) entrainment has not been defined. Thus, we removed the olfactory bulbs to investigate their functional significance on nonphotic (social) reentrainment in degus.
Complete removal of the olfactory bulbs modulates circadian rhythms in nocturnal rodents, albeit the functional importance of these effects remains unknown. Olfactory bulbectomies (BX) lengthen T of locomotor activity rhythms in rats (Lumia et al.,1987) , hamsters (Pieper and Lobocki, 1991) , and mice housed in DD (Possidente et al., 1990 (Possidente et al., , 1996 . Bulbectomies delay the phase of activity onset in mice (Possidente et al., 1990 (Possidente et al., , 1996 and hamsters (Bittman et al., 1989; Pieper and Lobocki, 1991) and decrease the nocturnal amplitude of activity rhythms in rats (Lumia et al., 1987) . In addition, BX lengthen duration (a) of activity in hamsters (Pieper and Lobocki, 1991) , increase daily mean activity levels in mice housed in LD or DD (Possidente et al., 1996) , and alter LD activity ratios in rats (Lumia et al., 1992 (Goel and Lee, 1995a , 1995b , 1996 . All Goel and Lee, 1995a , 1995b , 1996 . The degus remained paired together for 3 weeks to ensure complete reentrainment of the phase-shifting animals' circadian rhythms. Finally, experimental degus were released into DD, where they remained for 4 weeks (free-running phase; Fig. 1 animal. The measures were defined as follows: activity onset was the point when 40 counts of activity per 10 min for at least a 20-min period occurred following a minimum 4-h hiatus of activity (Goel and Lee, 1995a, 1995b) ; activity offset was the point when locomotor activity dropped below the daily mean for at least 4 hours Lee and Labyak, 1997 ); a of activity was the difference between activity onset and Figure 2 . The mean (± SEM) number of days required for reentrainment of the locomotor activity rhythm to a 6-h advance of the LD cycle with and without nonphotic (social) cues. Symbols: SHAM = sham surgery animals (n = 5); BX = bulbectomized animals (n = 6). * = significantly less than the BX group, p <.0 01.
offset; and amplitude of the activity rhythm was the difference between the daily rhythm peak (maximum value in a 10-min data bin) and the daily mean (Goel and Lee, 1995a; Labyak and Lee, 1995) . Mean daily activity and mean daily temperature were calculated from midnight each day for the entire 24-h interval; means for both measures were calculated from data collected at identical 10-min intervals.
Following the photic and socially facilitated phase advances, daily histograms and actograms of temperature and activity data were used to determine the reentrainment rate (the number of days) it took for each animal's activity and temperature rhythms to reestablish their former phase relationships to the new lighting schedule (Goel and Lee, 1995a , 1995b , 1996 (Goel and Lee, 1995a , 1995b , 1996 . Reentrainment of the activity rhythm was evaluated by monitoring activity onset (defined above). In previous work, we have demonstrated that the above method is a reliable measure of socially facilitated reentrainment, as opposed to masking, of the circadian system; the activity rhythms of degus placed into DD the day immediately following completion of socially facilitated reentrainment to a 6-h phase advance began free-running from the determined phase of reentrainment (Goel and Lee, 1995b 
RESULTS

Bulbectomy Verification
The extent of neural damage was assessed via gross examination of the brains under a dissecting microscope. In 6 of the 8 BX degus, the olfactory bulbs were completely destroyed; 2 of these animals also had slight bilateral frontal lobe damage. The remaining 2 animals sustained partial bilateral bulbectomies. Using microscopic examination, cresyl violet-stained coronal and sagittal sections from the partial animals were compared with similar sections from two SHAM animals. In both of the partially damaged brains, normal appearing portions of the main olfactory bulbs (MOB) were evident, but the accessory olfactory bulbs (AOB) and the vomeronasal organ (VNO) were absent. Data from the partial BX group were not included in the statistical analyses.
Socially Facilitated Reentrainment
The locomotor activity rhythms of the SHAM group reentrained faster after a 6-h phase advance of the LD cycle in the presence of social and photic cues than those of the BX group ( Figs. 2 and 3 ; p < .001). In addition, the SHAM group's rhythms reentrained faster in the presence of social cues and photic cues Figure 3 . Representative double-plotted actograms depicting reentrainment rates of the circadian locomotor rhythm to both social and photic cues for a SHAM female (A) and a BX female (B). Each line represents one day of data, with the lowest 10% of activity values cut from the figure for ease in viewing activity onset. The top LD bar indicates the irutial lighting schedule (LD 12:12 , lights on at 0600 h). The first asterisk in the right margin marks the day of the phase shift (6-h advance), and the first arrow denotes the phase angle prior to the shift. The bottom LD bar indicates the new lighting schedule (LD 12 :12 , lights on at 2400 h). The second asterisk in the right margin denotes the day of reentrainment, as determined by the reestablished phase angle (second arrow). In (A), the sustained increase in locomotor activity during Days 5 through 6 (following the phase shift) typifies behavioral estrus in adult females (Labyak and Lee, 1995 (Figs. 2, 3, and 4) . Socially facilitated reentrainment rates of the core body temperature rhythm were virtually identical to those for the locomotor activity rhythm, as reported previously (Goel and Lee, 1995a , 1995b , 1996 , and are therefore not (Goel and Lee, 1995a , 1995b , 1996 . In addition, there were no significant differences between the SHAM and BX groups in mean daily locomotor activity levels (number of wheel revolutions/10 min) for the first 3 days of the phase shift; however, both groups had decreased locomotor activity levels on the first day after the shift compared with the day of the shift and the second day after the shift (p < .02).
Entrained Conditions
The BX and SHAM groups did not differ significantly in the phase of activity onset or offset, a or amplitude of the activity rhythm, or daily mean locomotor activity or core body temperature for the last 10 to 12 days in entrained conditions prior to SHAM/BX surgery. However, during the last 10 to 12 days (of a 3-week period) spent in entrained conditions following SHAM/BX surgery, BX animals had lower mean daily locomotor activity levels than SHAM animals ( Fig. 5A ; p < .04) and had a decreased amplitude of the locomotor activity rhythm ( Fig. 5B; (Fulk, 1976) and agonistic interactions (Davis, 1975 (Honrado and Mrosovsky, 1989) and induce phase shifts of the activity rhythm in the presence of an LD cycle in males (Honrado and Mrosovsky,1991) .
Chemosensory stimuli must influence reentrainment through the vomeronasal organ and/or main olfactory bulbs. At present, the experimental procedures used in this and previous studies (Goel and Lee, 1995a , 1995b , 1996 (Goel and Lee, 1996) . These findings may be explained by considering that both groups had lower mean locomotor activity levels in the socially facilitated condition compared with the photic condition, perhaps as a result of engaging in (or attempting to engage in) olfactory investigation at the barrier (Goel and Lee, 1996) instead of running vigorously in wheels. Thus, the present results are consistent with other data from degus in which the phase shifting of body temperature or activity rhythms was not associated with increases in activity (Goel and Lee, 1995a , 1995b ,1996 (Bittman et al., 1989; Pieper and Lobocki, 1991; Possidente et al., 1990 Possidente et al., , 1996 , nor did they change the distribution of activity in degus, a finding that differs from data from rats (Lumia et al., 1992) . Bulbectomies decreased activity levels, an opposite effect from that reported in mice (Possidente et al., 1996) ; however, BX decreased the amplitude of the activity rhythm, consistent with reports in rats (Lumia et al., 1987 Olfactory bulbectomies did not alter T of activity rhythms in degus. This differs from rats, hamsters, and mice, in which T was lengthened following bulbectomy (Lumia et al., 1987; Pieper and Lobocki, 1991; Possidente et al., 1990 Possidente et al., , 1996 . Once again, such interspecies variation could be due to sex, noctumal/diumal, or procedural differences.
Our data imply a dissociation between photic and nonphotic (social) (Goel, 1996 (Allen et al., 1984; Palkovits et al., 1981a Palkovits et al., , 1981b , indicating that one or more of the stria terminalis fiber targets contains cells immunoreactive for these neurotransmitters that project to the SCN. One such target may be the bed nucleus of the stria terminalis (BNST), which projects directly to the SCN (hamsters; Pickard, 1982) and receives projections from the AOB (reviewed in Halpern, 1987) . Alternately, the olfactory tubercle may serve as a point of sensory convergence of visual and chemosensory information and may be involved in the circadian control of behavior in mammals. The retinotelencephalic tract projects from the retina to the olfactory tubercle and appears to be a consistent feature in all mammalian orders (Cooper et al.,1989 Mick et al.,1993; Tessonneaud et al., 1994) . In addition, the olfactory tubercle receives projections from the olfactory bulbs De Olmos et al., 1978; Scalia and Winans, 1975; Scott et al., 1980) and is part of the neural pathway that mediates the increase in gonadotropin secretion found in male BX hamsters (Gomez et al., 1996) . To 
